Background: Little is known about the turnover of crystalloid fluids infused in patients with acute systemic inflammation. We hypothesised that systemic inflammation would be associated with altered distribution and elimination of Ringer's lactate solution (volume kinetics). Methods: Ringer's lactate solution (15 ml kg
Editor's key points
Damage to the endothelial glycocalyx layer may alter the kinetics of fluid distribution. There is lack of controlled studies in patients examining whether the kinetics of fluid infusions are altered in systemic inflammatory states. The distribution and elimination of Ringer's lactate solution (15 ml kg À1 i.v.), commenced before elective cholecystectomy and emergent appendectomy, were assessed. The degree of elimination of Ringer's lactate solution was chiefly influenced by general anaesthesia, and not associated with markers of inflammation (tumour necrosis factor-a, interleukin-10, and C-reactive protein) or endothelial injury (syndecan-1).
The distribution and elimination of crystalloid infusion fluids vary depending on age, arterial pressure 1 and state of hydration. 2 In recent years, much attention has been focused on inflammation and the role of the endothelial glycocalyx layer on fluid distribution. 3 This glycocalyx is damaged (shed) in the presence of inflammation, ischaemia, 4 and plasma volume expansion, 5 and this shedding is likely to shorten the intravascular persistence of infused fluid. The degree of inflammation can be assessed in most hospital laboratories by measuring the plasma concentration of C-reactive protein, whereas plasma biomarkers of endothelium shedding, such as syndecan-1, require a research laboratory. The relationships between inflammation and fluid distribution have mainly been investigated in microcirculatory models 3 ; so little is known about the turnover of infusion fluids in the presence of inflammation and inflammation-induced shedding in an integrative human model. The primary aim of the present study was to explore the covariance between biomarkers of inflammation and the distribution and elimination of Ringer's lactate solution as determined by volume kinetic analysis. The secondary aim was to compare the fluid kinetics between the conscious and anaesthetised state in the same subjects. For this purpose, we chose to study patients who presented with two common acute systemic inflammatory diseases: cholecystitis and appendicitis. We tested the hypothesis that high plasma concentrations of biomarkers would be associated with altered kinetics. In particular, we expected to find that a systemic inflammatory response would be followed by a speedier distribution of infused fluid.
Methods
Forty patients who underwent surgery for inflammatory disease at Shaoxing People's Hospital in South China between March 2015 and April 2017 were recruited for the study. The protocol was approved by the Ethics Committee of the Shaoxing People's Hospital (no. 2015013; official in charge: Yu Qian) and the study was registered at the Chinese Clinical Trial Registry (ChiCTR-IOR-15006063). Written informed consent was obtained from each study subject.
Procedure
Two groups of patients were studied. The first group consisted of 20 patients with cholecystitis who underwent elective laparoscopic cholecystectomy. The second group was composed of 20 patients who underwent acute surgery for appendicitis. The inclusion criteria were ASA Classes 1e2, age between 18 and 60 yr, and BMI between 18 and 25 kg m À2 . The exclusion criteria were severe mental, cardiac, hepatic, or renal disease; bleeding disorders; and pregnancy. The patients with cholecystitis had fasted overnight, whereas the patients with appendicitis had fasted for at least 2 h before the surgery. No premedication was given. When the patients arrived in the operating theatre, a radial artery cannula was inserted after local anaesthesia infiltration; this cannula was used for blood sampling and for monitoring the arterial blood pressure.
An indwelling catheter placed into the bladder, and the excreted volume was measured during the experiment. Monitoring included pulse oximetry, electrocardiography, heart rate, and invasive arterial pressure. Data were displayed on a multifunction monitor (Datex-Ohmeda, Hoevelaken, the Netherlands) and saved digitally. Blood loss was the sum of the volume of sanguinous fluid in suction bottles and the weight change of the sponges used to drain the operating field.
Blood analyses
Arterial blood samples, 2 ml each, were collected every 5 min during the first 60 min and every 10 min during the next 60 min. The blood haemoglobin (Hb) concentration was measured on a GEM Premier 3000 instrument (Instrumentation Laboratory, Lexington, IL, USA), which has a coefficient of variation (CV) of 2%.
At the beginning of the experiment (before the induction of anaesthesia), samples were drawn for analysis of the plasma concentration of C-reactive protein on an AU5400 (Beckman Coulter, Inc., Brea, CA, USA), with a CV of <5%, in the hospital's routine laboratory.
We quantified, by spectrophotometry (SpectraMax Plus, Molecular Devices, Sunnyvale, CA, USA), the following inflammatory biomarkers using enzyme-linked immunosorbent assays: tumour necrosis factor-a (TNF-a), interleukin-10 (IL-10) (Multisciences Biotech, Hangzhou, China) and syndecan-1 (Cloud-Clone Corp., Katy, TX, USA), TNF-a reflects the degree of systemic inflammation, IL-10 is an anti-inflammatory cytokine, and syndecan-1 is a shedding product that is used to quantify the severity of endothelial injury. According to the manufacturers of the kits, the intra-and inter-assay precision CV of these measurements were 4.1e7.0%, 3.2e8.2%, and <12% for TNF-a, IL-10, and syndecan-1, respectively.
Kinetic analysis
Volume kinetics uses the variations in Hb concentration during and after an infusion to calculate the distribution and elimination of the administered fluid. The rationale for the method is that more than 90% of the blood consists of water and Hb. As infusion fluids contain almost exclusively water, any decrease in Hb is therefore an index of the water volume that equilibrates either quickly or slowly with the circulating blood. 6 With an isotonic or nearly isotonic electrolyte solution, the equilibration process occurs mainly between the freeflowing plasma and the interstitial fluid; therefore, the water content of the erythrocytes needs to be excluded from the calculations. For this purpose, the dilution of the Hb concentration is corrected for the haematocrit at baseline (Hct).
A two-volume model was simultaneously fitted to the data on the dilution of the arterial plasma and the total urinary excretion that was collected during the experiments. In this model, fluid was infused into the blood at rate R o to expand the volume of a central (vascular) body fluid space V c to v c . Distribution to a peripheral (extravascular) body fluid space V t was governed by a rate constant k 12 , and its redistribution from v t to v c by another rate constant k 21 . The elimination was given by a third rate constant k 10 , which was obtained as the urinary excretion divided by the area under the curve for the volume expansion of the central (vascular) compartment (v c e V c ) (Fig. 1 ). Hence
The Hb-derived fractional plasma dilution was used to indicate the volume expansion of V c resulting from the infusion:
ðv c À V c Þ=V c ¼ ½ðHb=hbÞ À 1Þ=ð1 À HctÞ Symbols in capital letters denote baseline values. No correction was made for blood sampling because the volume of the sampled blood was quite small.
The fixed parameters in the base model (V c , k 12 , k 21 , and k 10 ) were estimated by the first-order conditional estimation extended least squares search routine and the additive model for the within-subject residual error as implemented in the Phoenix software for non-linear mixed effects, version 8.0 (Certara, St Louis, MO, USA).
The second part of the kinetic analysis consisted of the addition of covariates, which were added sequentially and tested on all four primary parameters, as guided by plots of random effects (so-called eta plots) and reductions of the residual error. 7 Two requirements had to be fulfilled to accept a covariate in the model. First, its inclusion should reduce the e2(log likelihood) for the model by >3.8 points (P<0.05). Second, the covariate should be statistically significant [i.e. the 95% confidence interval (CI) should not include 1.0].
The following potential covariates were examined as time-varying covariates (i.e. a new value was entered for each time point): systolic, diastolic, and mean arterial pressures (MAP); pCO 2 ; lactate; calcium; and if the patient was conscious or anaesthetised. Age; gender; body weight; type of disease (cholecystitis or appendicitis); and the plasma concentrations of TNF-a, IL-10, and syndecan-1 were entered once.
The base model with the significant covariates added to it constituted the final model and had the lowest residual error of all runs.
The half-life of the infused fluid was calculated as obtained as ln 2/k 10 .
Simulations were performed with MATLAB R2013b (MathWorks, Inc., Natick, MA, USA), where the differential equations for the model and the best estimates of the parameters had been entered.
Patient-characteristic data were reported as the mean (standard deviation) and the one-way analysis of variance used for comparisons between the groups. The kinetic data were reported as the mean (95% CI). The excreted urine volume and the biomarkers of inflammation showed a skewed distribution; those data were reported as the median and range, and compared using ManneWhitney's test. P<0.05 was considered significant.
Results

Patient characteristics
Two patients with appendicitis and one with cholecystitis were excluded because of missing data for inflammatory markers. The patient characteristics of the two groups were quite similar (Table 1) , but the patients with cholecystitis were intubated about 15 min later and operated 10 min later after the induction of anaesthesia when compared with the patients with appendicitis. The haemodynamic data are given in Supplementary File S1.
Kinetic analysis
The kinetic analysis was based on 37 patients and 715 data points. The optimal base model was a two-volume model with one rate constant for distribution (k 12 ), another for redistribution (k 21 ), and one single route of elimination (k 10 ), which was set to the excreted urine volume (Fig. 1) . Two routes of elimination created an unstable model.
The stepwise search for covariates is described in Supplementary File S1, and the final curve fit is shown in Figure 2a . The improvement made in the precision by adding covariates to the fixed model parameters when predicting the measured plasma dilution can be appreciated by comparing Figure 2b (base model) with Figure 2c (final model, covariates included). Table 2 gives the estimates of all parameters in the final model. All four fixed parameters were affected by covariates where the mean body weight was 59 kg, mean MAP was 88 mm Hg, and tv is the typical value of the parameter. These equations imply that a high body weight increased the central volume of distribution (V c ); a low MAP; and anaesthesia reduced k 10 , anaesthesia increased k 12 , and appendicitis reduced k 21 (Fig. 3a) .
Inflammatory biomarkers
The plasma concentrations of the inflammatory biomarkers and of syndecan-1 did not serve as statistically significant covariates to the fixed parameters in the kinetic model ( Fig. 3b  and c) . Values above the normal range were found in half of the analyses of C-reactive protein, but in only one-fifth of the TNF-a analyses. IL-10 is an anti-inflammatory cytokine, so all elevated IL-10 concentrations were matched by TNF-a within the normal range (Table 1) . Figure 4 shows simulations performed to highlight the differences in fluid distribution depending on the use of general anaesthesia. The half-life of the fluid in the conscious state was 131 min (95% CI: 126e139) and was 10 times longer during general anaesthesia.
Computer simulations
Discussion
The present study differs from previous work in that all subjects underwent surgery for an acute systemic inflammatory pathological process. Every patient also contributed with data collected in the conscious state and during general anaesthesia. The two states differed from each other in several aspects.
A tendency for peripheral accumulation of fluid during anaesthesia (Fig. 4b) was noted because of a faster distribution and a reduced elimination, which was only 10% of that found in the same individuals in the conscious state (Fig. 4c) . The markedly reduced elimination, which was quantified from an impaired diuretic response to volume loading, has been reported previously, 1, 8 but validation in the present setting is of interest because the patients served as their own controls.
Patients with appendicitis had a relatively greater peripheral accumulation of infused fluid as a result of slower redistribution (lower k 21 ). They also had a greater increase in C-reactive protein, which suggests that patients with appendicitis had a more apparent inflammatory reaction than those with cholecystitis. Two studies of large animals in shock-like states of sepsis 9 and transurethral resection syndrome 10 both reported a redistribution of zero. Therefore, a low value of k 21 might be an early sign of a severe disease. A plausible explanation could be that fluid translocation into bowel lumen would limit the return of interstitial fluid to blood as lymph. Elevated plasma concentrations of syndecan-1, a constituent of the endothelial glycocalyx layer, are associated with an increased vascular permeability, 5 but did not correlate with the two fixed kinetic parameters (k 21 and k 12 ) aimed to represent the rate of fluid exchange to and from the circulating plasma ( Fig. 3c and d) . Hence, the study hypothesis could not be confirmed. Abdominal surgery (hysterectomy) alone does not raise syndecan-1 concentrations, 11 but we expected that the addition of inflammation would do so. However, the concentrations we recorded were similar to those found in healthy humans. The results from the present study also cannot establish a role for the other inflammatory biomarkers in the fluid kinetics, as their plasma concentrations were often within the normal range.
The half-life of the Ringer's lactate solution in the conscious state (131 min) was twice as long as in previous volunteer experiments, 8 which might be attributable to mild dehydration or preoperative stress. An experimental study in healthy volunteers showed that dehydration by 2% of the body weight prolonged the half-life of Ringer's from 23 to 76 min. 2 Preoperative stress alone has been associated with a half-life of 175 min in patients from the same area as the ones studied here. 12 A low MAP is known to prolong the half-life of Ringer's acetate and lactate, 1 but MAP was quite normal in the present study and fairly similar in the conscious and anaesthetised states (Table 1) . Volume kinetics illustrates how the body handles an infused fluid in a descriptive manner. 6 As changes in Hb are the inverse of the blood water concentration, the method distinguishes between infused water volumes that equilibrate quickly and more slowly with the plasma. The distribution between these two body fluid compartments is determined by three micro-constants that are inversely proportional to the half-lives of the distribution and elimination functions (Fig. 1) . As Ringer's lactate is nearly isotonic, these two compartments are likely to be intravascular and interstitial. The microanatomy of the latter has recently been described as a network of small pre-lymphatic fluid spaces surrounded by a complex lattice of thick collagen bundles. 13 In contrast, the size of the central body fluid space V c has no influence on the distribution of fluid, and only serves as a proportionality factor between dilution and volume. Volume kinetics uses the pattern of Hb changes for the calculations, whereas their amplitudes do not matter. Hence, the three micro-constants would remain the same, even if the estimated plasma dilution was cut in half (Fig. 2a) . The fluid distribution, as given in Figure 4 , would be unchanged. However, V c is needed when evaluating the goodness of fit by recalculating the input variables (Fig. 2a, b and c) .
The limitations of the present study include the fact that inflammation causes hypovolaemia by increasing the capillary leakage of plasma proteins, 9 which could have affected the distribution of the infused fluid. The increase in the plasma concentrations of inflammatory markers was smaller than expected 14 suggesting that the patients may have been minimally hypovolaemic when the infusions were initiated. A significant limitation of our study is the lack of stroke-volume monitoring. The haemodynamic profiles indicate that initial hypovolaemia may have been present in the patients with appendicitis, but after fluid loading, the arterial pressures and the heart rate were quite similar in the two groups (Supplementary File S1). Arterial blood was sampled, but arterial and venous blood yield quite similar results in volume kinetic calculations.
15
The micro-constants generally showed low values, indicating that the distribution, redistribution, and elimination of infused fluid occurred more slowly than reported in previous work. 1 Age and gender may not have shown sufficient spread to disclose true covariance with the fixed kinetic parameters. Central haemodynamics was not monitored and could have suggested mechanisms that explained the differences in fluid kinetics. For example, the covariate 'anaesthesia' is a summary measure of all physiological factors during anaesthesia that we have not specifically measured or identified. Practical considerations and the time required to complete the study explain the choice of patient number in this study. Guidance from previous studies in this field was quite limited, but a total of 40 patients were considered a sufficient number to ensure that important covariance would be disclosed. No formal power analysis was made because all 40 patients were evaluated together.
In conclusion, inflammatory biomarkers measured at the beginning of surgery were modestly elevated in a small cohort of non-shocked patients presenting for appendectomy and cholecystectomy. No covariance was detected between inflammatory biomarkers and the distribution and elimination Table 2 were used for an infusion of 15 ml kg À1 of Ringer's lactate over 35 min. Simulations were extended 1 h beyond the experimental data.
of Ringer's lactate. These data suggest that crystalloid fluid therapy during surgery should not alter in the presence of acute systemic inflammatory pathology of this (modest) severity. In contrast, the concept of restrictive perioperative fluid therapy is supported by the greatly retarded rate of elimination during anaesthesia (e90%), which is a feature principally of general anaesthesia rather than systemic inflammation.
